ABSTRACT: An experimental study was conducted to assess the difference in humic-like fluorescence characteristics (excitation/emission = 290 to 360 /370 to 460 nm) of dissolved organic matter produced by bacteria isolated from coastal seawater. Ten bacterial strains were isolated, and 1 additional strain was obtained from the Japan Collection of Microorganisms. The strains' nearest phylogenetic neighbors were identified using 16S rRNA gene analysis. Eleven bacterial strains were inoculated in experimental liquid medium and incubated for 7 d. In this incubation experiment, the excitation-emission matrixes of the culture media were analyzed to elucidate the production of humic-like fluorescent dissolved organic matter (FDOM) between Day 0 and Day 7 of the incubation. The production of humic-like FDOM was found in 8 of the 11 culture media, with a total of 14 humic-like fluorescence peaks detected. Of these peaks, 10 exhibited different fluorescence characteristics. These findings indicate that the fluorescence characteristics of bacterialderived humic-like FDOM differed among the bacterial groups. Several cultures of bacterial strains contained FDOM, with peaks occurring in the spectral region often associated with humiclike material of terrestrial origin. One bacterial strain showed productivity of humic-like FDOM that was 1 order of magnitude higher than most of the bacterial strains. This result implies that the relative importance of humic-like FDOM production is different among bacterial genera in the ocean.
INTRODUCTION
Oceanic dissolved organic matter (DOM) is one of the largest carbon reservoirs of the surface layer of the earth (Hedges 1992) and plays a central role in oceanic ecosystems (Carlson 2002) . Most oceanic DOM is refractory DOM (R-DOM) and persists in the ocean for more than several centuries (Williams & Druffel 1987) . However, a considerable amount of DOM that is supplied autochthonously by primary producers, i.e. phytoplankton, has a short turnover time (Bertilsson & Jones 2003) . Thus, the transformation processes from labile DOM to R-DOM have been studied. Recent studies indicate that bacterial metabolism (Ogawa et al. 2001 , Hama et al. 2004 ) and photochemical reactions (Obernosterer et al. 1999) transform labile DOM to R-DOM. Although several R-DOM production processes have been discovered, the characterization of R-DOM using traditional chemical analysis is not easy due to the difficulty of isolating pure material and the low concentration of oceanic DOM (Benner 2002 , Mopper et al. 2007 ).
Hence, various approaches to elucidate the nature of R-DOM have been developed. Fluorescent DOM (FDOM) has been commonly observed in oceanic environments and is considered one of the major fractions of R-DOM . In oceanic environments, excitationemission matrix (EEM) spectroscopy, in which a 3-dimensional contouring intensity landscape appears as a fingerprint with high sensitivity, has been widely used to obtain qualitative and quantitative information on FDOM (Coble 1996 , Parlanti et al. 2000 . Based on EEM spectroscopy, FDOM is roughly classified into 2 components: one protein-like and the other humic-like (Coble 1996) . Both components have been routinely further divided into several subdivisions: tyrosine-like and tryptophan-like fluorescence for protein-like FDOM and visible, marine and UV humic-like fluorescence for humic-like FDOM (Coble 1996) .
In coastal regions, terrestrial inflow of FDOM is one of the dominant sources of oceanic FDOM. A negative correlation between humic-like FDOM and salinity (Blough & Del Vecchio 2002 , Yamashita & Tanoue 2004 suggests that the distribution of humic-like FDOM is significantly influenced by the inflow of humic-like FDOM of terrestrial origin. A spectral fluorescence signature often associated with terrestrial humic-like fluorescence has been observed in coastal regions (Stedmon et al. 2003 , Murphy et al. 2008 . Autochthonous production of FDOM is also important. Shimotori et al. (2009) demonstrated that bacteria produce humic-like FDOM with characteristics comparable with oceanic R-DOM. Additionally, measurements of the vertical distribution of humic-like FDOM in marine environments showed that oceanic humic-like FDOM has a positive relationship with inorganic nutrient concentration and apparent oxygen utilization (Hayase & Shinozuka 1995 , Yamashita et al. 2007 ). These findings suggest that microbes, especially bacteria, have a significant role as producers of oceanic humic-like FDOM.
Humic-like FDOM is commonly observed in the ocean. However, the fluorescence characteristics of oceanic humic-like FDOM show variability depending on the sampling site and production source (Stedmon et al. 2003 , Murphy et al. 2008 . It is known that the variations of fluorescence characteristics are partly due to the photochemical reactions (Vähätalo & Wetzel 2004 ) and microbial consumption (Moran et al. 2000) of FDOM. However, the influence of marine bacterial phylogenetics has not been considered in relation to the different fluorescence characteristics of FDOM.
Bacterial-derived FDOM has been considered as one uniform component, to date. However, various bacterial phylogenetic groups inhabit the ocean, and their metabolic systems differ (Nealson 1999) . Thus, bacterial metabolic products may vary depending on their metabolism. Several studies have shown that the utilization of dissolved organic components by bacteria differ across the major phylogenetic groups (e.g. Cottrell & Kirchman 2000 , Alonso & Pernthaler 2006 . These findings imply that the relative importance and contribution of bacteria to the production of humic-like FDOM may be different among bacterial groups. Moreover, there is a possibility that the fluorescence characteristics of bacteria-derived humiclike FDOM (BAC-humic-like FDOM) relate to bacterial phylogenetic groups. Nevertheless, little attention has been given to the individual role of a bacterial strain in the production of humic-like FDOM.
In this study, bacterial strains were isolated from coastal seawater, and each bacterial genus was identified based on 16S ribosomal ribonucleic acid (rRNA) gene analysis. The bacterial strains were inoculated in Marine Broth 2216 (Difco) liquid medium and incubated for 7 d. In this incubation experiment, the EEMs of the culture medium were analyzed to assess the differences in BAC-humic-like FDOM production among oceanic bacterial groups. The DOC and POC concentrations of the culture medium were also measured to estimate the difference in the capacity for FDOM productivity among bacterial strains.
MATERIALS AND METHODS

Sample collection
Surface seawater was collected from Oura Bay (34°3 9' 50.5'' N, 138° 56' 30.1'' E) on 12 January 2007 and 19 August 2008 and from Nabeta Bay (34° 39' 55.3'' N, 138° 56' 13.0'' E) on 20 November 2008. These bays are both located in Shimoda, Shizuoka, Japan. These sampling sites were chosen to obtain bacterial strains from different environments. Sterile 500 ml polycarbonate bottles were filled with surface seawater and stored for less than 36 h at 4°C until filtration. The water samples were filtered through glass fiber filters (GF/F, Whatman) in a laminar flow cabinet to remove the particulate matter, including zooplankton and phytoplankton. The resultant filtrate was used as the bacterial inocula. The filtrate of Nabeta Bay seawater was also used as an inoculum representing a natural bacterial assemblage in a humic-like FDOM production experiment.
Preparation of medium, bacterial isolation and cultivation of bacteria
Two isolation media were prepared, a Marine Broth 2216 and a seaweed medium. The former medium was prepared by dissolving 37.4 g of Marine Broth 2216 in 1 l of Milli-Q water. The seaweed liquid medium was prepared as follows: (1) 100 g (wet weight) of the fresh seaweed, Ulva japonica, was autoclaved at 121°C for 15 min with 1 l of seawater passed through GF/F filters; (2) the autoclaved mixture was also passed through GF/F filters; (3) that filtrate was then centrifuged (10000 × g for 10 min); and (4) the supernatant was passed through 0.2 µm pore size filters (Anodisc, Whatman).
A 100 µl aliquot of the seawater from Oura Bay and Nabeta Bay was added onto Marine Broth 2216 and the seaweed medium agar plates containing 1.5% of Bacto agar (Difco). The inoculated plates were incubated at 25°C in the dark for 1 wk. Randomly chosen colonies were selected from each plate and inoculated in Marine Broth 2216 liquid medium. These bacterial cultures were cultivated at 25°C in the dark with shaking (120 rotations min The cultures were centrifuged at 10 000 × g for 10 min, and the supernatant was discarded to harvest bacterial cells. The nucleic acid from the harvested cells was extracted using a DNeasy tissue kit (Qiagen).
Polymerase chain reaction (PCR) amplification of bacterial 16S rRNA genes from DNA extracts was performed with the 27f (5'-AGA GTT TGA TCM TGG CTC AG-3') (Lane 1991) and 1492r (5'-ACG GYT ACC TTG TTA CG-3') (Liu et al. 2001) primers.
Thermal cycling for the amplification was performed with a GeneAmp PCR system 9700 (Applied Biosystems) as follows: 10 min at 95°C, 30 cycles of 30 s at 95°C, 30 s at 60°C, and 1 min at 72°C, followed by a final 7 min at 72°C. The PCR products were purified using a QIAquick PCR product purification kit (Qiagen). The purified PCR products were sequenced on a CEQ2000 sequencer using a Dye Terminator Cycle sequencing kit (Beckman Coulter). The primers for the 16S rRNA gene sequence were 27f, 341f (5'-CCT ACG GGA GGC AGC AG-3') (Muy zer et al. 1993), 911r (5'-CCG TCA ATT CAT T -TG AG T TT-3'), 1100r (5'-GGG TTG CGC TCG TTG-3') (Lane 1991) and 1492r. The nucleotide sequences of partial 16S rRNA genes were deposited in nucleotide sequence databases (DDBJ/ EMBL/ GenBank) under the following accession numbers: AB378715-378718, AB378723, AB378724, AB496650, AB496653, AB496655 and AB496657.
The sequences were then analyzed with the Basic Local Alignment Search Tool (BLAST) and compared with those of environmental clones in available databases (DDBJ/EMBL/GenBank) to identify the nearest phylogenetic neighbors. All isolated bacterial strains used in the present experiment are listed in Table 1 .
Humic-like FDOM production experiment
The artificial seawater was prepared by dissolving 35 g of sea salts (Sigma) in 1 l of Milli-Q water. Marine Broth 2216 liquid medium was diluted 1:250 with the artificial seawater and passed through a 0.2 µm pore size filter (Cyclopore track-etched membrane, Whatman) to remove particulate organic components. The final 100 ml of filtrate was transferred into 200 ml silicone-stoppered Erlenmeyer flasks and autoclaved at 121°C for 15 min for use as the experimental medium.
Bacterial strains were cultivated in the Marine Broth 2216 medium. Bacterial cultures were centrifuged at 10000 × g for 10 min, and the supernatant was discarded. The harvested cells were washed twice with, and resuspended in, sterile artificial seawater to prepare the bacterial inoculums for the experiment.
Four experimental media were prepared for each bacterial strain. The strain was only inoculated in 2 of the 4 experimental media. The experimental media that were not inoculated were treated as control samples. After inoculation, the cultures were immediately collected (Day 0 sample), and 80 ml of the cultured samples were passed through a 0.2 µm pore size filter (Anodisc, Whatman) to separate the organic matter into fractions of DOM (filtrate sample) and POM (filter sample). The remaining 2 cultures were kept at 20°C for 7 d in the dark without shaking. The samples were then recovered and treated like those of the Day 0 sample. The artificial seawater amended with Marine Broth 2216 liquid medium was also incubated without bacterial inoculum as a sterile control sample.
Determination of DOC and POC concentrations
The concentrations of DOC in the filtrate samples were measured using a high-temperature catalytic oxidation method (Sharp et al. 1993) , using a total organic carbon analyzer (TOC-V, Shimadzu). The system was standardized before measurements with potassium hydrogen phthalate and the Hansell Laboratory Deep Seawater reference (Bermuda Biological Station for Research). The concentration of POC collected on an Anodisc filter was determined using an elemental analyzer (EA 1108, FISONS Instruments) according to Søndergaard & Middelboe (1993) , using glycine as a standard.
UV-visible measurements
UV-visible absorbance of the experimental samples was analyzed using a spectrophotometer (V-560 UV/VIS, Jasco) at wavelengths ranging from 200 to 550 nm in a 10 × 10 mm quartz cell. Milli-Q water was used as a reference.
Fluorescent properties
The EEMs of DOM from the incubated sample were obtained using a spectrofluorometer (F-4500, Hitachi) in a 10 × 10 mm quartz cell under the following conditions: scan ranges: 250 to 500 nm and 300 to 550 nm for excitation (Ex) and emission (Em), respectively; scan speed: 2400 nm min −1 ; sampling interval: 5.0 nm; Ex and Em slit width: 10 nm; photomultiplier tube voltage: 700 V for EEM fluorescence of the incubation samples. Inner filter correction was carried out using the results of UV-visible measurements (Lakowicz 2006) . We defined the Ex and Em light bandwidth as 5 mm by assuming that the fluorescence measurements were conducted in the middle of a 10 × 10 mm quartz cell for the correction of the fluorescence intensity of the EEM. The corrected fluorescence intensity (CF) was calculated as follows:
where FI is the fluorescence intensity of the EEM at λEx/λEm nm, A is absorbance, and λEx and λEm are the Ex and Em wavelength, respectively. Fluorescence intensity was normalized to quinine sulfate units (QSU) (1 QSU = 1 µg l −1 quinine sulfate in 0.1 mol l −1 H 2 SO 4 solution) (Coble 1996) . The humiclike fluorescence peak in this experiment was defined as the peak detected within the ranges of 290 to 360 nm and 370 to 460 nm for Ex and Em, respectively (Coble 1996 , Coble et al. 1998 , Stedmon et al. 2003 . The peak position in a sample was determined with visual inspection of the EEM and a calculation performed by a peak detection program handled with FL Solutions software (Hitachi).
RESULTS
Isolation of bacterial strains
The bacteria isolated from 2 different sampling sites and the results of a BLAST analysis of 16S rRNA genes are listed in Table 1 
DOC and POC concentrations
The changes in DOC and POC concentrations during the experiment are summarized in Table 2 ). The POC concentration of the control samples showed little variation during the experiment. Because the POC concentration is considered to be an index of bacterial biomass, the ratio of an increase in the POC concentration (ΔPOC) to the decrease in DOC concentration (ΔDOC) was calculated to estimate the difference in utilization of DOC among the bacterial strains. The ΔPOC/ΔDOC ratio varied from 0.12 to 0.89; the highest value was found in the Yb-F strain, whereas the lowest was observed in the MB004 strain. Three of the 11 strains showed a bacterial growth efficiency of more than 60% in this experiment. Although these values are relatively high compared to those observed in oceanic environments (del Giorgio et al. 1997) , growth efficiency sometimes exhibits high values > 60% in batch cultures (Bjørnsen 1986 ).
Fluorescent properties of DOM
Marine Broth 2216 has been widely used to isolate and cultivate marine bacterial strains. We selected this organic substrate as an experimental medium to research the many types of bacterial strains, even though this experimental medium has some methodological drawbacks.
The experimental medium without the bacterial inoculum (the control) had peaks centered at Ex/Em = 275/350 and 320/400 nm (Fig. 1a) . These peaks were derived from the compounds in Marine Broth 2216, and the presence of the fluorescence peaks in the culture medium might affect the interpretation of the experimental results. One of the possible effects is the difference in the fluorescence intensity among the experimental media. In the region of humic-like fluorescence (Ex/Em = 290 to 360/370 to 460 nm), a slight variation in fluorescence intensity <1.0 QSU among the autoclaved experimental media without the bacterial inoculum was found before the incuba- and then cause the variation of fluorescence intensity among the media. However, the difference in the intensity was within 1.0 QSU among media. Another possible effect, which should be examined, is the abiotic alteration of the fluorescence during the experi- The humic-like fluorescence intensity of incubated samples with bacterial inocula was changed by bacterial production of humic-like FDOM and compositional alteration of Marine Broth 2216 owing to bacterial consumption. The bacterial production and the 255 Fig. 1 (continued) b compositional alteration resulted in an increase and decrease, respectively, in the humic-like fluorescence intensity. Considering these facts, we conclude that the increase in humic-like fluorescence intensity of >1.0 QSU on the EEM of the incubated samples, based on subtracting the result of Day 0 from that of Day 7, was due to the bacterial production of humiclike FDOM.
In contrast, the EEM of the region around proteinlike fluorescence (Ex/Em = 275/305 to 340 nm) in the incubated sample was greatly affected by Marine Broth 2216. Although the abiotic change of protein-like fluorescence intensity was negligible in all cultures during the experimental period, the contribution of bacterial activity could not be estimated from the EEM. Thus, we consider only the fluorescence intensity of humic-like fluorescence in this study.
The EEM contour plots of the cultures on Days 0 and 7 were subtracted from that of each control sample (Fig. 1a,b) . The peaks corresponding to humiclike fluorescence characteristics (Ex/Em = 290 to 360 /370 to 460 nm) are listed in Table 3 . None of the Day 0 samples showed a humic-like fluorescence peak, with the exception of the peaks from Marine Broth 2216. On Day 7, the fluorescence peaks differed among cultured samples (Fig. 1b) . Table 3 . Position of fluorescence peaks in excitation-emission matrices (EEMs) of bacterially derived humic-like FDOM, increase of quinine sulfate unit (QSU) intensity, ΔQSU/ΔPOC and ΔQSU/ΔDOC in the experiment. ΔQSU: respective increase in QSU intensity during the experiment; ND: not detected; NA: not available
QSU/DOC and QSU/POC ratios
The maximum peak positions and QSU intensity shown in Table 3 ) ratio (480), while the ΔQSU/ΔDOC ratios of the rest of the cultures were < 30, except for the medium from the Yb-A and Yb-D strain cultures, which represented relatively higher ΔQSU/ΔPOC ratios (81 and 115).
DISCUSSION
FDOM is commonly observed in the ocean, and the difference in its fluorescence characteristics reflects its origin. Fluorescence characteristics of FDOM can be often utilized for tracing the influence of allochthonous DOM in coastal regions (Stedmon & Markager 2005 , Murphy et al. 2008 . Autochthonous humic-like FDOM also has fluorescence variations. Some researchers experimentally demonstrated the microbial production of FDOM (e.g. Kramer & Herndl 2004) and fluorescence characteristics of autochthonous humic-like FDOM (Shimotori et al. 2009 ). However, variation of fluorescence characteristics of autochthonous humic-like FDOM produced by individual bacterial strains is poorly understood.
In this study, a total of 14 humic-like fluorescence peaks were detected in 8 of 11 bacterial cultures (Fig. 1b, Table 3 ), and those fluorescence characteristics were comparable to the marine and visible humic-like fluorescence characteristics that were defined by Coble et al. (1998) . This result implies that many bacterial phylogenetic groups produce humiclike FDOM, and this is one of the reasons why humiclike FDOM is commonly observed in oceanic environments. When we focus on the detailed difference in the fluorescence peaks, however, various peaks with wavelengths different from the representative one were found. The Ex/Em pairs of the 10 humiclike fluorescence peaks were different, clearly demonstrating that the fluorescence characteristics of BAC-humic-like FDOM differ among bacterial genera.
The variety in the fluorescence characteristics of BAC-humic-like FDOM is a notable finding for understanding the source of humic-like FDOM observed in the oceanic environment. Humic-like FDOM generally has different fluorescence peaks depending on the origins of production (Table 4) . In coastal regions, a negative correlation is often found between the fluorescence intensity of terrestrial humic-like FDOM and salinity, suggesting that the humic-like FDOM concentration is significantly influenced by terrestrial humic-like FDOM inputs (Blough & Del Vecchio 2002) . Therefore, it seems reasonable to use fluorescence characteristics to trace the terrestrial components of DOM. However, (Fig. 1b, Table 3 ), while the MB004, Yb-A, Yb-D,Yb-I and bacterial assemblage had peaks that were comparable to humic-like fluorescence associated with terrestrial origins (Fig. 1b,  Tables 3 and 4) . These results suggest that humiclike FDOM apparently associated with terrestrial origins is instead produced autochthonously by bacteria in coastal environments. This possibility is supported by a recent report that a humic-like fluorophore, which has been considered to have a terrestrial origin, was found as a constituent of FDOM in seawater in the bathypelagic layer (Yamashita et al. 2010 ). This finding also reveals that the traditional estimation of the source of FDOM in coastal regions based on fluorescence characteristics involves uncertainty; part of the FDOM, which had previously been regarded as 'terrestrial', can be produced in situ by marine bacteria. In a coastal region, several fluorescence characteristics of autochthonous FDOM have been reported (Table 4) . Several factors have been proposed, such as photochemical reactions (Vähätalo & Wetzel 2004) and differences in microbial sources (Stedmon et al. 2003) . Our results indicate that the difference in bacterial community structures may explain the variation in fluorescence characteristics of autochthonous FDOM. Because the bacterial strains used in this experiment were isolated from coastal regions, it is possible that their production of humic-like FDOM occurred in the coastal ocean. Thus, the difference in fluorescence characteristics of BAC-humic-like FDOM might explain the variability of fluorescence characteristics of autochthonous FDOM observed in coastal environments. However, most marine bacterial species are uncultivable, which limits the availability of isolated bacterial strains for use in experiments. Hence, the present results are not enough to clarify which bacterial phylogenetic groups are important for the distribution of oceanic FDOM. Therefore, it is advisable to consider bacterial community structures to elucidate the relationship between the distribution of humic-like FDOM and its fluorescence characteristics.
The difference in humic-like FDOM productivity among bacterial groups is also an important finding in our study. There are a large number of bacterial species in the ocean, and their individual metabolisms differ (Nealson 1999) . Several bacterial groups, such as SAR11 and Roseobacter, quantitatively dominate the oceanic bacterial community (Giovannoni & Rappé 2000) . Thus, if bacteria are the dominant source of humic-like FDOM in the ocean, the humiclike FDOM productivity and quality might be dominated by the most abundant bacterial groups. However, no information is available about the quantitative contribution of each bacterial phylogenetic group to the oceanic humic-like FDOM pool. Our results indicate that specific bacterial genera might play an important role from the standpoint of humiclike FDOM production, even though the relative abundance of such genera may be lower than that of other bacterial groups in the ocean.
ΔQSU/ΔPOC and ΔQSU/ΔDOC ratios indicate the capacity of humic-like FDOM production by bacterial strains. Considerable variations of both ratios were found among bacterial strains, suggesting that humic-like FDOM production ability differed among bacterial groups. In the present study, in particular, the MB001 strain, which is phylogenetically closely related to the genus Sulfitobacter, a well-isolated bacterial group in oceanic environments (Prabagaran et al. 2007 , Stevens & Ulloa 2008 , showed a 10-fold higher humic-like FDOM production than the other strains. These findings imply that a specific bacterial group, such as the MB001 strain, with high humiclike FDOM productivity might play an important role in local humic-like FDOM production and diversity. Although the reason for this difference is currently not clear, it may be partly due to the difference in DOM utilization ability of each bacterial strain. Several studies have shown that the utilization of dissolved organic components by bacteria differs across major phylogenetic groups (Cottrell & Kirchman 2000 , Alonso & Pernthaler 2006 . As for the utilization of DOM, it is conceivable that the relative contribution to humic-like FDOM production by bacteria may differ among bacterial phylogenetic groups in the ocean. Therefore, the relationships among the quality of DOM, humic-like FDOM productivity and bacterial phylogenetic groups need to be examined in further studies to elucidate the precise production mechanism of FDOM. 
